It is recognized that both whey protein (WY) and essential amino acids (EAA) are stimuli for muscle protein anabolism. The aim of the present study was to determine if the effects of WY ingestion on muscle protein accrual in elderly persons are due solely to its constituent EAA content. Fifteen elderly persons were randomly assigned to ingest a bolus of either 15 g of WY, 6.72 g of EAA, or 7.57 g of nonessential amino acids (NEAA). We used the leg arteriovenous model to measure the leg phenylalanine balance, which is an index of muscle protein accrual. Phenylalanine balance (nmol•min during the same period was lower in both the NEAA (48 ± 40) and EAA (213 ± 127) when compared to the WY (1073 ± 229; P b .05). In conclusion, WY ingestion improves skeletal muscle protein accrual through mechanisms that are beyond those attributed to its EAA content. This finding may have practical implications for the formulation of nutritional supplements to enhance muscle anabolism in older individuals.
Introduction
The use of nutritional approaches to increase protein accrual in muscle by regulating the rates of protein synthesis (ie, increase) and breakdown (ie, decrease) has received great attention in recent years. Such research has provided an insight into ways to improve muscle protein accrual, and it is now recognized that increasing plasma amino acid availability is a key factor to promote muscle protein anabolism [1] . Approaches to improve muscle protein anabolism are particularly important for individuals at risk for muscle loss, such as elderly persons [2, 3] . In these individuals, nutritional supplementation provides a practical approach to increase the availability of plasma amino acids.
Published reports have focused on various forms of either dietary proteins [4, 5] or amino acid mixtures [6] [7] [8] to increase plasma amino acid availability and improve muscle [5] , presumably due to the rapid increase in plasma amino acids with WY. Rapid increase in plasma amino acids is also observed after ingestion of free amino acids, and it is known that ingestion of a balanced amino acid mixture in elderly persons stimulates muscle protein anabolism [9] . Moreover, it has been shown that this effect is a result of the essential amino acids (EAA) in the mixture [10] , which comprise approximately 50% of the total nitrogen and calories found in WY. Such evidence, in addition to showing that acute stimulation of muscle protein synthesis is approximately 2-fold greater following 6 g of EAA compared to 6 g of a balanced mixture [11] , has lead research to focus on the role of EAA, including that of specific EAA, such as leucine [6, 12, 13] , in stimulating muscle protein anabolism in elderly persons. However, there are practical considerations associated with supplement cost and palatability that would support the choice of intact protein, such as WY, over EAA, if the same anabolic benefits were to be achieved with either supplement. Bolus ingestions of either WY [14] or EAA [7, 8] are known to acutely improve muscle protein balance in elderly persons. We have recently shown that ingestion of 15 g of EAA more than doubles muscle protein balance in elderly persons when compared to that of the ingestion of 15 g of WY [14] , which would support a greater importance of the EAA (as opposed to WY) in improving muscle protein accretion in elderly persons. This latter evidence would further suggest that ingestion of only the EAA part of WY (∼7 g of EAA) may confer similar benefits with respect to protein accretion in muscle in elderly persons as that of approximately 15 g of WY.
The objective of this study was to quantify muscle protein accrual in elderly persons in response to ingestion of 15 g of a WY and compare it to that after ingestion of mixtures of the EAA, as well as the nonessential amino acids (NEAA), found in the 15 g of WY. Such information describes the specific role of amino acids in WY in the stimulation of muscle protein accrual and also has practical implications with respect to the formulation of nutritional supplements to optimize muscle protein anabolism in the elderly persons. On the basis of our previous results, we hypothesized that the WY ingestion will improve muscle protein accrual and that this improvement will be similar to that after ingestion of the EAA mixture, whereas NEAA will not significantly alter muscle protein accrual. Muscle protein accrual was evaluated in the postabsorptive state and after ingestion of the above mixtures using the leg arteriovenous model.
Methods and materials

Subjects
Fifteen elderly subjects (60-85 years old) who were living independently with no limit in ambulation were included in this study. None of the subjects were habitually physically active. Five subjects ingested WY, another 5 ingested EAA, whereas the other 5 ingested NEAA. Subjects in the 3 groups were matched with respect to physical characteristics, which are presented in Table 1 . Female subjects were not on estrogen replacement therapy. Body composition and leg lean mass were determined using dual-energy x-ray absorptiometry.
All subjects underwent screening, and those determined to be healthy based on medical history, physical examination, resting electrocardiogram and routine clinical blood, and urine tests were admitted to the study. The screening procedure also included a determination of the blood flow to the lower extremities using the ankle/brachial index, which provides a qualitative estimation of the vascular condition in the leg. Subjects were excluded if there was a presence of vascular disease (ankle/brachial index b0.95), unstable metabolic condition, hypertension, and electrocardiogramestablished heart abnormalities. All subjects included in the study were asked to abstain from any type of physical exercise for at least 3 days before the study. The study protocol was approved by the Institutional Review Board and the General Clinical Research Center (GCRC) at the University of Texas Medical Branch at Galveston, and written informed consent was obtained for each subject.
Experimental procedures
This experiment was designed to evaluate the muscle protein balance in elderly persons after a bolus ingestion of 15 g of WY (control) and compare this response with the WY's constituent EAA and NEAA contents (treatments). The WY isolate was commercially purchased, and its amino acid composition was analyzed by Amino-Science Laboratories, Ajinomoto, Co, Inc. Free amino acids were purchased from Ajinomoto AminoScience LLC, Raleigh, NC, and mixed in the appropriated amounts for the constitution of the EAA and NEAA mixtures. The amino acid composition of WY isolate together with the amino acid composition of the EAA and NEAA mixtures are presented in Table 2 .
Each subject was studied on a single occasion in the postabsorptive state and after the ingestion of either WY, EAA, or NEAA. Subjects arrived at the GCRC in the afternoon the day before the experiment of the study, and after eating dinner, did not consume anything (except water) after 10:00 PM. The next morning at approximately 4:30 AM, an 18-gauge polyethylene catheter was inserted into an antecubital vein of an arm for the collection of blood samples. Two hours later, 3F, 8-cm polyethylene catheters (Cook, Bloomington, Ind) were inserted in the femoral artery and vein of one of the legs under local anesthesia. These catheters were used for sampling arterial and venous blood across the leg. Fig. 1 shows the infusion protocol, together with the blood and muscle sampling time points. Blood and muscle samples were collected in the postabsorptive state (−4 to 0 hours) and after the ingestion of the WY or amino acids (EAA or NEAA) mixtures. The WY and amino acid mixtures were dissolved in 250 mL of a caffeine-and caloriefree soft drink and were ingested as a bolus at time 0.
Blood samples for the determination of blood phenylalanine concentration were drawn simultaneously from the femoral artery and femoral vein at given times as shown in Fig. 1 . Insulin and glucose concentrations were determined from blood samples collected from the femoral artery. Muscle biopsies (∼60 mg of muscle each) were taken from 2 incisions (approximately 7 mm each) in the lateral portion of vastus lateralis after anesthetizing the skin and the subcutaneous tissue with 1% lidocaine. The muscle was rinsed with ice-cold saline, and after all visible blood, fat, and connective tissue were removed, the muscle was blotted dry and immediately frozen in liquid nitrogen and stored at −80°C.
We determined blood flow to the study leg using the indocyanine green dye technique. Briefly, dye was infused into the femoral artery at a constant rate (0.5 mg•min −1 ) for 20 minutes during 2 different periods in the experiment (Fig. 1) . The blood flow was determined using procedures that have previously been described [15, 16] .
Analysis of samples
Approximately 1 mL of blood from the femoral artery and femoral vein was transferred in glass tubes containing 15% sulfosalicylic acid and a phenylalanine internal standard (∼100 μL/mL blood of L-[U-13 C 9 -15 N]phenylalanine) and mixed well. The weight of the tubes was determined before and after the addition of blood, and the difference was recorded as the amount of blood added in the tubes. After the tubes were centrifuged, the supernatant was collected and frozen and processed at a later time as previously described [17] . The isotopic enrichment of blood phenylalanine, resulting from the addition of the internal standard, was determined on its t-butyldimethylsilyl derivative by gas chromatography-mass spectrometry using selected ion monitoring for phenylalanine mass to charge ratio (m/z) 336 and 346. Appropriate corrections for overlapping spectra and the natural distribution of stable isotopes were performed [18, 19] . The blood for the determination of plasma insulin concentration was collected in tubes containing EDTA and was assayed using a commercially available insulin ELISA kit (ALPCO Diagnostics, Windham, NH). Blood glucose The EAA and NEAA mixtures were prepared to contain the EAA and NEAA, respectively, found in the WY. The WY and amino acids were dissolved in 250 mL of caffeine-and calorie-free soft drink and were ingested as a bolus. The EAA and NEAA mixtures contain the EAA and NEAA, respectively, found in the 15 g of the WY. Leg arteriovenous blood samples were taken at several times before and every 15 minutes after the ingestion of either WY or amino acid mixtures for the determination of the leg blood PB. Blood flow was determined before and after ingestion of the 3 mixtures and by using indocyanine green (ICG) dye infusion in the femoral artery. A leg muscle biopsy was performed at the end of the sampling protocol to determine changes in the muscle free phenylalanine concentration compared to the period before the ingestion of the WY or amino acids mixtures.
was measured using an automatic analyzer (YSI, Yellow Springs, Ohio). The muscle biopsy samples were analyzed for free intracellular phenylalanine concentration. Free intracellular phenylalanine concentration was determined as follows: 20 to 25 mg of the muscle biopsy sample was weighed, and an internal standard solution (2 μL/mg tissue of L-[U-13 C 9 -15 N]phenylalanine) was added; after 0.8 mL of 10% perchloroacetic acid was added to precipitate muscle proteins, the tissue was homogenized and centrifuged, and the supernatant was collected; this procedure was repeated one more time, and the pooled supernatant was processed similarly to the blood supernatant.
Calculations
Blood phenylalanine concentration was determined using the internal standard approach based on the volumes of the blood and the L-[U-13 C 9 -15 N]phenylalanine added in the tubes and the resulting t/T of the L-[U-13 C 9 -15 N] phenylalanine. The concentration of free phenylalanine in the muscle was determined using the same methodology and then adjusted using the chloride method [20] to obtain the concentration of phenylalanine in the muscle intracellular water.
The phenylalanine balance (PB) across the leg was calculated at each arteriovenous blood sampling time point. Phenylalanine balance was calculated as the product of the difference in the phenylalanine concentrations between arterial and femoral venous blood and the leg blood flow. Postabsorptive and postprandial values were averaged to obtain an overall response during the respective periods.
Statistical analyses
Statistical analyses were performed with the SPSS software, version 14.0 for Windows (SPSS Inc). A pairedsamples t test was used to compare postabsorptive and postprandial responses within a group. One-way analysis of variance (ANOVA) was used to test for significant differences between groups or across time within a group, followed by a Dunnett post hoc multiple comparisons test to determine statistically significant differences between the WY (control) and EAA and NEAA groups or between postabsorptive and postprandial responses within a group. Data are expressed as means ± SEM, and a P value b.05 was considered statistically significant.
Results
Leg blood flow
There were no differences in the leg blood flow between the postabsorptive and postprandial states within each group (P N .05). For each subject, an average value for the blood flow measured in the postabsorptive and postprandial states was calculated and used for the determination of the leg muscle phenylalanine kinetics.
The leg blood flow was in the whey group 308 ± 28 mL•min −1 , the EAA group 282 ± 37 mL•min −1 , and the NEAA group 310 ± 79 mL•min −1 , with no differences between groups (P N .05).
Blood and muscle free phenylalanine concentrations
There was no statistically significant difference between groups in the postabsorptive arterial blood phenylalanine concentration (P N .05). As expected, arterial blood phenylalanine concentration increased over time only in the WY and EAA groups (Fig. 2) and in both groups remained significantly higher than the postabsorptive values for 75 minutes after the respective mixture ingestion (P b .05).
Postabsorptive muscle free phenylalanine concentration (in nmol•mL −1 intracellular water) was not different between groups (WY = 90 ± 7, EAA = 84 ± 4, NEAA = 75 ± 7; P N .05). At 3.5 hours postprandially (end of the study), the concentration of muscle free phenylalanine was not different from its postabsorptive value in either group (P N .05), and this value was also not different between groups (WY = 89 ± 5, EAA = 86 ± 6, NEAA = 69 ± 9; P N .05).
Plasma insulin and blood glucose
The homeostasis model assessment, an index of insulin resistance, was calculated from the postabsorptive plasma insulin and glucose values. The homeostasis model assessment values were not different between groups (WY, 1.6 ± 0.4; EAA, 1.4 ± 0.3; NEAA, 1.2 ± 0.3; P N .05). Fig. 3 shows the insulin response after the ingestion of WY or the amino acid mixtures, with the postabsorptive value representing the average plasma insulin concentration determined in 2 different times in the postabsorptive period. There were no differences in the postabsorptive plasma insulin concentrations between groups (P N .05). Plasma insulin concentration Because it is known that under a postprandial physiological circumstance, as in the present study, time-specific measures of leg phenylalanine kinetics may not directly correspond to leg protein kinetics [17] , we calculated the average response of the PB in both the postabsorptive and postprandial periods for each subject. The 3.5-hour duration in the postprandial period was chosen to allow sufficient time for the muscle amino acid concentrations to return to basal values, whereas any shorter period (ie, 2 hours) under these circumstances would simply evaluate muscle amino acid kinetics that do not necessarily correspond to muscle protein kinetics [17] . As shown in Fig. 5 , postprandial leg PB improved in the WY group (P b .05) but not in the EAA or NEAA groups (P N .05). The leg accrual of phenylalanine, as represented by the change in leg PB (postprandial leg PB -postabsorptive leg PB), was lower in both EAA and NEAA groups when compared to that in the WY group (P b .05; Fig. 6 ).
Discussion
The effects of protein ingestion on muscle protein accretion have been largely attributed to the EAA found in the ingested protein. The most important finding of this study is that WY, at least in the amount ingested in this study, results in greater anabolic effect in elderly persons than its EAA. Therefore, this suggests that WY ingestion improves muscle protein accretion in elderly persons through mechanisms that are beyond those associated with its EAA content.
These findings may appear to differ from our previous findings in elderly persons that ingestion of 15 g of EAA promotes muscle protein accrual [8] and that the response after ingestion of 15 g of EAA is greater than that after ingestion of 15 g of WY [14] . These apparent discrepancies are likely explained by the total EAA content of the mixtures (15 g vs 6.72 in the present study). It is known that there is a dose-response effect of EAA ingestion on muscle protein synthesis [21] . In addition, ingestion of 15 g of EAA appears to overcome an impaired responsiveness (or decreased efficiency) in elderly persons, possibly related to the plasma availability of the amino acid leucine [6] , and results in muscle protein accrual similar to that in young individuals [8] . However, ingestion by elderly persons of half of that amount (ie, ∼7 g EAA), which is comparable to the EAA found in 15 g of WY, results in less than optimal muscle protein accrual relative to that in young individuals [7] . Therefore, our current results extend these previous findings in elderly persons by showing that muscle protein accrual is greater after ingestion of 15 g of WY than after ingestion of its constituent EAA content (∼7 g) and also indicate that the WY's EAA content is not solely responsible for its anabolic properties.
The specific role of amino acids, per se, in the observed responses of muscle protein accrual, as opposed to other concurrent metabolic processes (eg, changes in insulin concentration) is difficult to distinguish. It is wellestablished that among the amino acids, only the EAA are necessary to stimulate muscle protein synthesis [1, 22] . Therefore, the lack of a response in muscle anabolism following the NEAA is not surprising. Blood phenylalanine reached a peak concentration at 30 minutes after ingestion of either WY or EAA, pointing to the direction of a comparable blood availability of ingested EAA in both the WY and EAA groups. Such observation confirms the classification of WY as a "fast" protein with respect to the rate of digestion [23] . Assuming that the change in the postprandial phenylalanine concentration, which was comparable between the WY and EAA groups, is representative of changes in the other plasma EAA, plasma EAA changes may not explain the greater muscle protein accrual in the WY group compared to the EAA group. However, the lack of information on individual concentrations of all the plasma amino acids may be considered a limitation in the present study in explaining the observed responses. Despite this lack of information, ingestion of WY, but not EAA, is expected to increase the plasma concentration of the amino acid cysteine, which has been described to have a particular role in augmenting muscle protein anabolism [24] .
The observed postprandial insulin response in the present study was greater in the WY group when compared to that in either EAA or NEAA group, and in parallel with a greater improvement in muscle protein balance. The differences in the plasma insulin response in the present study in the WY versus the EAA, or the NEAA, may relate, at least in part, to the expected postprandial presence of greater overall concentration of plasma amino acids (approximately twice as large in the WY group compared to the EAA or NEAA). Because amino acids found in both the WY and the EAA mixture (eg, leucine, isoleucine, phenylalanine, threonine, methionine) are considered among the most potent amino acids in stimulating insulin secretion [25] , the lower postprandial insulin response in the NEAA was expected. However, the magnitude of the postprandial insulin response in the WY group was much greater than that in the EAA group. The greater insulin response in the WY group is in accordance with previous observations where a balanced amino acid mixture increased the plasma insulin when compared to a mixture composed of only the EAA [26] . This likely reflects the presence in the WY of NEAA such as aspartate [25] and arginine [27] , which have been shown to be potent secretagogues of insulin. The greater insulin response in the WY group when compared to that predicted by the addition of the respective responses in the EAA and the NEAA groups may indicate a possible synergistic effect of individual amino acids on insulin secretion. Alternatively, activation of the incretin system and stimulation of insulin secretion by the glucose-dependent insulinotropic polypeptide (GIP) [28] may explain the greater insulin response in the WY group. Relative to that, it is known that WY is a strong GIP secretagogue [29] , possibly through bioactive peptides present in WY or formed during its digestion, and that the plasma GIP concentration is greater after ingestion of intact protein than a similar amount of protein in the form of free amino acids [30] .
Data evaluating the role of insulin on muscle protein metabolism come from studies that induced changes in plasma insulin concentration that were greater than those observed in the present study and generally under nonphysiological circumstances. To date, these data do not appear to be in agreement. For example, in young healthy subjects, insulin has been reported to both increase protein synthesis without any change in protein breakdown [31] and reduce muscle protein breakdown without any effect on protein synthesis [32] . The improved anabolic response in the WY group, in the presence of increase in plasma insulin concentration in the present study, is in line with previously published data on the effects of increased plasma amino acids combined with a glucose-induced increase in plasma insulin on muscle protein accrual in elderly persons [33] . In the latter study [33] , the improved muscle protein balance could be explained by a suppression of the protein breakdown similar to the reported effects of the insulin on suppressing whole body protein breakdown [34] . Based on these reports, and because determination of muscle protein breakdown under the non-steady state circumstances of the present study does not provide reliable results, we cannot exclude an effect of the plasma insulin on inhibiting protein breakdown in the muscle, and resulting in the improved postprandial muscle protein accrual in the WY group. Contrary to previous findings [33] , hyperinsulinemia in elderly persons and in the presence of increased plasma amino acids availability has been shown to stimulate muscle protein synthesis, albeit lower than in young [35] , and it is possible to have contributed, at least in part, to the greater anabolic response in the WY group in the present study.
We have previously shown that an attenuated response of muscle protein anabolism to low amino acid availability with aging can be enhanced by ingestion of extra leucine [6] . However, recent evidence suggests that leucine does not provide any additional benefit on muscle protein anabolism when sufficient amount of protein is ingested [13] . The latter finding [13] would support the notion of ingestion of an adequate amount of protein, without emphasizing individual amino acids, as an approach to improve muscle protein anabolism in the elderly persons, which is in line with the findings of the present study. The findings of the present study appear to also be in agreement with findings from animal studies showing greater nitrogen retention with intact protein diet versus free amino acids diet [36, 37] . Therefore, given that when compared to free amino acids supplements, ingestion of WY is an inexpensive approach to improve muscle protein metabolism, WY supplementation, especially if combined with resistance exercise [24] , may help to prevent muscle wasting with aging. Further, supplementation with WY instead of EAA may provide additional health benefits, which are discussed elsewhere [38] [39] [40] [41] . For example, cysteine-supported glutathione synthesis is implicated in protection against oxidative stress, whereas β-lactoglobulin and α-lactalbumin are major whey proteins modulating immune function.
In conclusion, muscle protein accrual in elderly persons is greater after ingestion of 15 g of WY than ingestion of its constituent EAA content, and this may be explained, at least in part, by a greater insulin response. Our findings suggest that stimulation of skeletal muscle protein accrual in elderly persons by WY, at least in the amount ingested in the present study, is mediated by mechanisms that are beyond those attributed to the EAA in WY.
